Abstract A study was conducted to optimize the kiln drying of 50 mm thick rubberwood boards using a combination of superheated steam and hot air. The results revealed that initial application of saturated steam at 100°C, followed by a period of superheated steam application at 110°C and finally drying in hot air at 65°C as in the conventional kiln drying, gave the best result in terms of minimizing drying defects and also shortening the drying time.
Introduction
The drying of Rubberwood (Hevea brasiliensis), which is one of the most important wood raw materials in South East Asia for the value-added wood products manufacturing industry in the region, remains a challenge due to the higher costs associated with the slow drying schedule necessary to minimize the incidence of drying defects (Ratnasingam and Scholz 2009) . Although rubberwood is a porous and easy to dry material, its drying rate is difficult to control in conventional kiln drying processes due to anatomical differences in the boards as well as the presence of abnormal wood (Ratnasingam et al. 2010 (Ratnasingam et al. , 2014 .
Generally, the application of saturated steam and superheated steam during wood drying has been shown to be beneficial in reducing drying defects and drying time of softwoods (Pang and Pearson 2004; Srinivas and Pandey 2012) . It has been suggested that the saturated steam is able to minimize the moisture gradient across the cross-section of the wood which ensures an orderly loss of moisture during drying, while the superheated steam appears to hasten bound water loss from the wood, thereby reducing the drying period (Esteves et al. 2007 ). Although Ratnasingam et al. (2014) found that pre-steaming improved the drying quality of rubberwood; the effects of combining saturated steam and superheated steam applications during rubberwood drying remain unknown.
Therefore, the objective of this study was to investigate the effect of saturated steam and superheated steam application on the drying of rubberwood with the aim of optimizing the drying quality and cost.
Materials and methods
The fresh rubberwood boards used in this experiment were obtained from a commercial rubberwood sawmill in Malaysia. The flat-sawn boards were free from tension and were 50 9 100 9 1000 mm 3 in dimensions. The specimens were edge-matched, treated with borax-acid anti sapstain preservative and then stored, wrapped in plastic and stored at 5°C, until subjected to drying.
Initially, one batch of specimens was dried to a final moisture content of 10 ± 2 % under the standard industrial kiln drying schedule for rubberwood as shown in Table 1 . The drying process was carried out in a commercial kiln drying facility with a capacity of 10 m 3 , in which the air velocity was kept constant at 1.5 m/s throughout the drying process to reflect industrial kiln drying conditions (Ratnasingam et al. 2010) .
The other edge-matched specimens were dried using a drying schedule with an initial period of saturated steam (at
Faculty of Forestry, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia 100°C) application for 10 h, followed by a period of drying under superheated steam (at 110°C) for 20 h, and finally drying in hot air as per the conventional schedule, to achieve the final desired moisture content of 12 ± 2 % (Table 1) . This sequence in the drying schedule was used after taking into consideration the drying characteristics of rubberwood under different equilibrium moisture content (EMC) conditions, as reported in Ratnasingam and Scholz (2009) . All kiln charges were stress-relieved at the end of the drying process by increasing the dry-bulb and wet-bulb temperatures to 80°C for 8 h before discharging. Moisture probes were placed on the surface and center of specimens selected at random, to digitally monitor the moisture gradient buildup in the specimens.
Discussion
It is apparent that drying defects, such as surface checks and splits, in rubberwood manifest early on during the drying process through the rapid removal of moisture from the wood. The severity of the drying defects, particularly the formation of warp, is more pronounced as the drying cycle proceeds as observed in Table 1 . During the drying process, liquid flow to the surface is inhibited by the pit aspirations during the sawing process (Ratnasingam and Scholz 2009) , which suggest that more liquid will evaporate beneath the upper-most layer which increases crack initiation in this region. It appears that these cracks will propagate into splits as drying proceeds longitudinally at the high moisture gradient prevalent between the surface and the core of the specimen (Ratnasingam et al. 2014) . The results of this study reveal the benefits of using saturated steam at the initial drying cycle, as the moisture differential between the surface and core of the specimens was reduced. In fact, the crack initiation appears to be delayed and minimized with the use of saturated steam during the initial drying cycle. It has been found that exposing wood to saturated steam will prevent the hardening of the lignin in the wood cell, which seals the bordered pit structures, thus impeding flow of moisture. This process which is known as ptylosis, if prevented, will significantly accelerate the removal of moisture from wood (Pang and Pearson 2004; Ratnasingam et al. 2014) . Prong test a Results presented are average values for 6 mills in Malaysia and drying time to achieve 12 ± 2 % moisture content b Total discoloration based on 10 random samples per kiln charge. E is a measure of the darkening of the wood surface using the CIELAB color reflectance spectrophotometer as described in Ratnasingam et al. (2014) c Drying defects calculated as average value per kiln charge based on the 6 mills d Drying cost calculated based on drying time and average drying defects application on the specimens revealed that there was minimal drying stress in the wood exposed to saturated steam and superheated steam, while the specimens dried using the conventional drying schedule showed drying stresses, especially case hardening.
Industrial implications
The results of this study have a far-reaching implication on the rubberwood kiln drying industry in Malaysia and the South East Asian region at large. It is clear that the drying of rubberwood can be improved significantly through the application of saturated steam and superheated steam during the drying cycle. Based on follow-up trials at five commercial rubberwood kiln drying facilities in Malaysia of similar capacity, it was found that the application of saturated steam for a period of 10 h followed by a period of exposure to superheated steam for 20 h, and finally drying using the hot air as in the conventional drying schedule, reduced the average drying time of 50 mm thick rubberwood boards from 22 days to 12 days. Further, distinct discoloration and excessive drying defects of the dried stock were not observed, reflecting the economic benefits of these treatments. Nevertheless, the application of saturated steam and superheated steam increases the drying energy cost by US$ 11 per m 3 , but with the reduced drying time, significant economic savings are achieved. Therefore, the application of saturated steam followed by superheated steam during the drying cycle of rubberwood can reduce drying time significantly without major loss in quality.
